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ABSTRACT

Both the inhibitory effect of apidicoln n the replicative a-polymierase
and the reversibility of its actimr in vivo (Pedrali-Noy & Spadari, 1979,
Biochen. Biophys. Res. Coan. 88, 1194-2002) allow the synchronization of
cells in culture. A Fhid lin prevts G1 cells frmnentering the MR synthe-
tic period, blocks cells in "S" phase, allows G2, M and G cells to ccntinue
the cell cycle and to aulate at the G1/S border. AphAicolin is a more
useful reagent than hydroxyrea and thymidine because it does not affect cell
viability or "S" phase duration and does not interfere with the synthesis of
dNrPs or EI polynerases. In fact cells exposed to the drug ccntirue to
synthesize all three E1 polynerases a, B and y as well as all dNTPs which,
when the block is relved, are present at levels optimal for EiA initation
and replication. bLhe techniqu is simple and can be applied to cells grWing
in suspension or momlayers and allows one to harvest large quantities of
synchronized cells.

INTaRlDlIcCN

Hydroxyurea and thynidine are two ccursunds very often enplcyed to

induce partial synrony at the G1/S }rary. Their use, hwver, is not

without prcblems. Hydroxyurea at low coentraticns does not lead to uniform

synchrony at the G1/S bonldary and both high concentrations and increased

duration of exposure are toxic to "S" phase cells (2, 3). Thymidine block

also does not completely arrest cells at the G1/S interphase (4, 5) and it

indiuces both chr scue aberrations (6) and cell-cycle & det alterations

in metabolism (7, 8).

Ebr the reasons cited above and because nucleoside dipsphate
reductase seens to be the camnon target for both hydro}yurea and thymidine
(9, 10), it is highly desirable to find another inhibitor lacking the side
effects just menticned and acting on another step of Ei replication. The

inhibitory action (1, 11, 12) of aphidicolin on replicative (13-16) CM

polynierase a together with its reversibility of action (1) sugest it wild
be valuable for inducing synchrony. Indeed fran this study it appears that
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aphidicolin blocks cells in "S" phase by inhibiting the replicative DEA
polymerase a and allows G2, M and G1 cells to accumulate truly at the G1IS
border providing cells which are useful for studies of biocheaical events

within the nPralian cell cycle. The drug does not seem to affect cell

viability, "S" phase duratioa, and does not interfere with the synthesis of

the four deoxynucleoside tripEosphates and DNA polynerases a, B and y.

lMAERIAtS ANDMIETHOS

Cbenicals: Unlabeled decxyribonucleoside triphsphates, poly[d(A-)],
poly [d (I-C)] and E. coli 1 polynerase I (Klenow flagnent) were purchased
from Boehringer, Mwmlhim, W.Germany. Dithiothreitol (DUT) was fran Miles

Taboratory, Inc., Karilcakee, Ill., USA. Bovine serun albumin (BSA) A grade

was from Calbiochem., aeerne, Switzerland. [3H] deoxyribonucleoside tri-

phosphates and [Me 3H]thymidine ware fran Radiochemical Center. Poly(A) and

olig (dT) 12-18 were fran PL-Biochemicals, Milwaukee, Wis., USA.

Preparaticn of teulates: Activated calf thynus was prerd as

decribed by Pedrali-No and Weissbach (17).
Cell culture: Grwth of Ia cells in spinner cultures has been descri-

bed previously (18).
Laser flow cytofluranetric analysis: 106 Hela cells were suspended in

1 ml of fluorescent staining solution (19). The stained samples were kept
at 40C and analyzed within the next two to three days in a Bio-Physics (now
Ortho Instruets) Cytofluorographi model EC 200/4800 A equipped with a

100 IW argon ion laser. The DNA histogram representing the fluorescence
intensity distribution arong cells indicate the number of cells per channel

in the ordinate and the relative fluorescence intensity which varies in

prporticn with the DEA content in the abscissa. To facilitate the ccmpar-
ison between different samples in a given figure, counting was normalzed to

a predetermined peak height of 1,600.

easurt of radioactivity: Synthesis of EDA trougbout the growth

cycle was measured by the uptake of [3H]thymidine during a 30 min pulse

at 370C at predetermined tines (1).

Preparaticn of extracts: Samples (approximately 6x 106 cells) were

suspended in 200 til of 10 mtM Tris-HCl (pH 7.5), 10 mM KCl, 1.5 mM MgC12 and

0.5 mM dithiothreitol. The suspension was then made 0.1 M KCl, 0.1 M

potassium phsphate (pH 7.5), 0.5% Triton-X-100 and sonicated 2x 5 sec with

the microtip of a Branson Scnifier at a setting of 50 W. This extract was

used to determine the activity of DEA polymerases. Protein determinations
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were carried out as described (20).

Assay of DEA polynerases: Each reacticn (0.1 ml) was carried out at 37°C.

The a-polymerase was assayed in 20 mM potassium phosphate (pIH 7.2), 0.5 nM

DTT, 7 mrM gC12, 150 gg/ml BSA, 200 ig/ml of activated DNA, 100 PiM dGrP,

dCTP,dATP, and 50 piM [3H] P (500 cpn/4ml).
Since the B-polymerase partially responds to the a-polymerase assay

(14) the a-polynerase data presented here have been corrected for the

contributicn on the B-enzyme evaluated by the addition of N-ethylmaleimide

(NEM) in a parallel 1iA polynerase a assay (14).

The B-polymerase reaction was carried oat in 50 mtM Tris-HCl (pH 8.5),

0.1 M KCl, 7 MM MgC12, 0.5 mrM YTT, 150 jig/ml BSA, 200 pg/ml of activated

calf thynms EA, 100 pM dGTP,dCPT,ddATP and 50 jiM [3H]dTrP (500 cprn/rl).
When the enzyne samples are preincubated with 10 mM NEN at 00 for 30 min

(to inactivate DNA polymerases a and y) the B-assay is strictly specific for

the B-polymrerase (14). DNA polyrrerase y was assayed according to Knopf et al.

(21). The reaction mixture contained 50 rl1 Tris-HCl (pH 8.5), 50 mM potassium

phosphate (pH 8.5), 0.13 M KCl, 0.5 mMr MnC12, 1 mM DTT, 150 pg/ml BSA,

50 4tg/ml poly(A):oligo(dT)12_18 (at a ratio of 5:1 by weight) and 50 P-M

[3H]dTrP (500 cpm/pxl). Under these conditions the assay is strictly specific

for the y-polynerase due to the fact that B-polymerase activity in the

presence of poly(A) :oligo(OT) is inhibited by phosphate (21) and a-polymerase

does not utilize this polynwleotide as template priir (14).
A unit of DE polymerase is defined as cne nir of total deoxynucleotide

incorporation into acid insoluble form in 60 min at 37°C.

Extraction and determination of doyinucleoside triphEoshates:
Approximately 1 to 2 x 107 HeLa cells were extracted with 60% ethanol for

10 min at 300C (22). The dkTIPs were determined as described by Skoog (23).
In a final volure of 0.1 ml each assay contained: 50 mM Tris-HCl buffer,

pH 8.2, 10 mM 9Cl2, 1 jig poly[d(I-C)] or poly[d(A-T)], 10 pM [3H]]-labeled
deoxyribonucleoside triphosphate (spec. activity about 1 Ci/mnol), 0.25

units of the Klenow fragment of MM polymerase I (E. coli) and 10-70 pmol
of one limiting unlabeled deoxyribonucleoside tripbosphate or an aliquot of

the cell extract. Incubation was for 40 min at 370C.

RLTS
Synchronization of HeLa cells with aitidicolin: We have recently

suggested (1) that the inhibitory action of aphidicolin on the replicative
DEA polymerase a together with its reversibility of action could make it a
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valuable regmt for synchronizaticn of cell cultures. Here we shw that

aphidicolin accumalates cells at the G1/S border thus allowing a simple and
rapid ynchronization of viable cells.

Figure 1A is a DE histogram of asynchronously growing HeLa cells

(o;ntrol): the majority (60%) of the cells are in G1 (peak at chanrel number

19). They are separated from cells having twice this anmt of DN (G2 and

M cells - apprcximately 20% - at peak channel 38) by nS" pbase cells which

are characterized by an i iate t of CE with a mean distributio

at approximately chanel nuiber 28.

The R histog s are nrt altered 30 min after addition of apidicolin

(Fig. 1B). After 7 h (Fig. 1C) and especially after 24 h (Fig. 1D) the nurber

of cells still in "S" romains constant wtereas most of those in G2 and M

have reacbe G1. This appears to be due to the selective inhibition of the

replicative EM polynrerase a by aphidicolin (1, 11, 12, 24). Ebllowing
addition of the drug, the rate of DM& synthesis as reasured by [3HI thymidine
uptake has dropped to 2% of its original value (see below) and romains at

this low level for the next 24 h (this residual CM synthesis is prcbably
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Figure 1. Cell cycle kinetics analysis of HeIa celIs exposed to aphidicolin.
Hela cells growing in suspensicn at a density of 9 x 105/ml were exposed to
5 pg/ml apidicolin. At 0' (A), 30' (B), 7 h (C) and 24 h (D), 10 ml ali-
quets were taken fran the stock culture. COe ml was used for Ia histograms
and 9 ml for the experients described in Figure 3.
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mitochondrial DM synthesized by IA polynerase y which is resistant to

aplidicolin; Pedrali, Hardt & Spadari, unpiblished). A time period of 24 h

was chosen because it is greater than the length of G2+M+G1 phases and
because the inhibition of cellular DE synthesis by aSidicolin is still

reversible after 24 h. Shrter exposure (18-20 h) to apidicolin gave

similar results.

The chronology of "S" pase traverse by aphidicolin treated Hela cells,

allowed to resume rowth in fresh medium,, is shmm in Figure 2. Ninety min
after revesal (Fig. 1A) the cells have pogressed sane four chanels
tords the "S" region of the LtA histogram. Chanel 28 situated halfway
through "S" was reached at 4 h 30 (Fig. 2B). "S" traverse was practically

cacpleted within 8 h after resuspensimr in fresh uediun (Fig. 2D). [3H]-
thymidine uptake closely follows flow cytofluoranetry analysis (Fig. 3B).
Two points are worth mentioning: first, a rapid inease in the rate of

thymidine incorporaticn aours at 90 min, secodly, the maxil rate of

DNA synthesis occurs between 4 and 6 h correspong to the flow cyto-

fluorcuetry analysis which indicates the wave of synchronized cells is half-
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Figure 2. Cell cycle kinetics analysis of HeLa cells exposed to apidicolin.
Hela cells mntained 24 h in presence of apidicolin (Figure 1) were washed
three tines and allowed to resune growth in fresh pre-mwared culture medium.

histogra were made at 1 h 30' (A), 4 h 30' (B), 6 h (C) and 8 h (D)
after reversal.
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way thrcugh "S" (Fig. 2B1).
In addition, following aphidicolin release the nurrber of cells remains

relatively constant as it varies fran 9 x 105/ml to 9.3 x 105/ml within the

first 10 h whn synthesis of DM is caleted indicating the high synchroni-
zation achieved with a single sure to aphidicolin. Shortly there after

the cells divide in synchrony and double providing further proof that they
had accumulated at the G1/S border during exposure to aphidicolin and

indicating the absence of toxic effects induced by the drug. Thus, exposure
to aphidicolin does not affect the capacity for cycle traverse upon sub-
sequent reroval of the drug.

In contrast to synchronizaticn experirents utilizing thvmidine or

hydroxyurea alone, nearly all cells are recruited to synchronously traverse

"S" phase. The few cells which remain trailing behind the "S" wave (Fig. 2C)
can be forced to accacpany the main stream by a second 12 h exposure to

aphidicolin (data not sbown).
Effects of aphidicolin on poly erase a, B and y activities, protein

synthesis and rate of DN synthesis during cycle traverse: The inhibition of
RiA synthesis (25) by aphidicolin is mediated by the inhibitory effect of

this drug on DEA polymerase a (1, 11, 12, 24). We widered whether the inter-
action of the drug with the enzyme might affect also its de novo synthesis,
either by interfering negatively with its production or by causing an over-

production in response to the low availability of the replicative enzyme in

the cell. Thus, we have followed the level of DNA polymerase a in the cell

during DE replication block due to aphidicolin, as well as the levels of the
B and y polymerase, which, not being imnolved in chrocsmal DNIA replication

(15, 16), may be considered as an intenal standard with which to comipare
the possible variation in a-polymerase levels.

Figure 3A shows that the levels of all three DNA polymerase increase

(in parallel with total protein synthesis - Fig. 3B) during incubation of

cell cultures with apidicolin and their activity is not dependent on DM

synthesis which is immediately blocked upon additian of the drug (Fig. 3B).
After a 24 h exposure to aphidicolin, the levels of all three ENA polyrerses
are sufficient to allow DNA replication and subsequent cell duplication upon

reversal of the block.

Effect of apidicolin on the synthesis of deoxyribcnucleoside tri-

sE phates: Both thymidine and hydroxyurea block DNA synthesis by reducing
the level of dNTPs. In order to detennine if aphidicolin also had a
similar effect on the dNTP pool we measured dNTP levels during exposure to
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Figure 3. Effect of ai olin cn EI polyrase a, B, y activities (A),
protein synthesis, and rate of [3H] thymidine incorporation (B). HeTa cells
mnaintaired 24 h in presence of 5 ILg/ml aEidicolin were allowed to resume
growth in fresh medium. At pr d times during the experimets des-
cribed in Figure 1 and 2, 10 ml aliqxts were taken from the stock culture.
One ml-was incubated in duplicate with [3HI thyidine at 2 1XC/ml for 30 min
to nitor the rate of DZ synthesis (Figure 3 B). 7 ml were centrifuged
twice, the cells being suspen each time in 40 ml of ice cold growth edium
lacking serum. The celi pellet ws then rspet in the same volume of ice
cold pEshate buffer saline, centrifuged again and the cells were stored at
-900C prior to the minati of DE polymerase a, B and y (3 A) as des-
cribed in Materials and Methods. Crude cell extracts were used also for pr-
tein determination (3 B). The variance for each determiaticn of EA poly-
nerase a, B and y was less than 5, 15 and 12 % respectively. Th variance for
protein etermitis s less than 10 %.
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Figure 4. Effect of ahidicolin en yribcnucleoside triphosphate pool.
HeIa cells grown in suspensicn (4 x 105 cells/ml) were incubated in the ab-
sence (control) or in the presence of 5 pg/ml apidicolin for 24 h. The cells
frcmm both cultures were then ited, wshed, suspended in fresh prewarned
culture mBdium and then incubated at 370C. At the indicated tiies 25 ml ali-
quots were ranrlved frxn both cultures for the determination of the four dNTP
pools. TLe open syrbols indicate levels of dNTPs in control cells; the filled
symbols indicate levels of dNTPs in idicLin-treated cells.
A: A ^ dATP; , 0 dTrP.
B: O dG!P; U, 0 drP.
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aphidicolin. Figure 4 indicates that the levels of all four dNIPs continue

to increase during exposure to aphidicolin. Upo resoval of the drug the

levels rapidly decrease as the dNTPs are utilized for EA synthesis. Analysis
of control cultures, where EA synthesis is ontinuing, indicates that the

levels of the four dNTPs remnin constant troughout the incubation period and

increase slightly upn transfer to fresh rediun.

DISCUSICRI
Analysis by laser flow cytofinorcetry of the effects pmdud by

aphidicolin on the cell cycle travse of HeIa cells grouing in suspsion

corresponds directly to the variations in the rate of DMiA synthesis as

cbtainied by radioactivity neasurements. Using cytoflurctry the readily
reversible action as well as the ability of ahidicolin to nize Hela

cells can easily be sbxw. The results preseted here indicate that

aphidicolin is as good if rot better than hydroxyurea or thymidine for

synchronizing tissue culture cells. One definite advantage over hydroxyurea
or thymidine is that aphidicolin cumulates cells at the G1/S b ary.

Elollowing a single exposure to ahidicolin the block can be rrv and

alnst all the cells are recruited to synchronously traverse "" pase and

subsequently all divide.
Because of the high rate of synchrony decay during G1 period of the

cell cycle (26) it is often desirable and necessary, in the study of late

interphase events, to resynchrcnize cells initially synchronized by mitotic

selection or by isoleucine deprivation. Hydroxyurea, which has often been

used for this p .rpose, at low concentrations does not prevent rnized
G1 cells fran entering the EA synthetic period (3) and at high concentraticns

sbaws an "S" phase cytotoxcicity (2). Aphidilin permits cells to traverse

G2, M and G1, but prevents replicative DEM synthesis through the inhibitiao
of the a-polymerase. Thus ahidicolin pemits the isolation of cell poplat-
ions truly and reversibly arrested at the G1IS border which are zore

suitable for detailed studies of events associated with initiation of gencme
replicaticn in the inuediate pre-S phase. TIhe labeling of the replicon's
origin and the timing of crcosues replicaticn ould then ore carefully

be studied in cells synchronized or resynchronized with aidicolin.
The 24 h treatrent with aphidicolin does not affect the synthesis of

the four dNTPs and of EiA polymerases. Both all dNTPs and all IM polymerases
(in particular 1A polymerase a) increase troughout the incubation period
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and, following removal of the drug, are present at levels optimal for DM
initiation and replicaticn. The inhibitimn of DEIA polymerase al does not in
any way interfere with the regulation of its synthesis by the cell and the
regulatory apparatus of the cell is aparently insensitive to the inavail-
ability of the replicative enzyne for a 24 h period.

Tus aphidicolin treatment appears to be a suitable nethod for syn-
chronizaticn of large quantities of suspension and mlolayer (Pedrali-Noy
and Spadari, unpublished) cell cultures. The drug seems less toxic than the
available ones since it does not reduoe cell viability and does not inter-
fere with the synthesis of deoxyribonucleoside triphosphatsor polynerases
required for rapid cell division after reversal of the block.
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